DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 



Approved for public release; distribution is unlimited 



THE STATE TRANSITION DIAGRAM WITH PATH PRIORITY 
AND ITS APPLICATIONS 

by 

Thomas Scholz 

Lieutenant Commander, German Navy 
Diplom-Kaufmann, Universitat der Bundeswehr Hamburg, 1983 



Submitted in partial fulfillment of the 
requirements for the degree of 

MASTER OF SCIENCE IN COMPUTER SCIENCE 

from the 

NAVAL POSTGRADUATE SCHOOL 
Monterey, California 
September 1993 



REPORT DOCUMENTATION PAGE 



Pubic reporting burden for this collection of information e estimated to average 1 hour per response, including the time reviewing instructions, searching existing data sources 
gathering and maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 



OMB No. 0704-0188 



Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Profect (0704-0188), Washington, DC 20503 



1 . AGENCY USE ONLY (Lsave Blank) 


2. REPORT DATE 13. REPORT TYPE AND DATES COVERED 

September 1993 I Master’s Thesis 


4. TITLE AND SUBTITLE 

The State Transition Diagram With Path Priority and Its 
Applications (U) 


5. FUNDING NUMBERS 


6. AUTHOR(S) 

Thomas Scholz 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSES) 

Naval Postgraduate School 
Monterey, CA. 93943-5000 


0. PERFORMING ORGANIZATION 
REPORT NUMBER 


9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRESS(ES) 


10. SPONSORING/ MONITORING 
AGENCY REPORT NUMBER 



11. SUPPLEMENTARY NOTES 

The views expressed in this thesis are those of the author and do not reflect the official policy or positioi 
of the Department of Defense or the United States Government. 



12a. DISTRIBUTION / AVAILABILITY STATEMENT 


12b. DISTRIBUTION CODE 


Unclassified/Unlimited 





13. ABSTRACT (Maximum 200 words) 

The overall software structure of the Naval Postgraduate School Autonomous Underwater Vehicle (NPS 
AUV) is the Rational Behavior Model (RBM), a tri-level, multilingual software architecture which is 
based on three levels of abstraction called the Strategic, Tactical, and Execution level. In this study, 
interests were focussed on the implementation of the Strategic level in CLIPS such that it exhibits the sam< 
behavior as the already existing implemenation written in Prolog. 

As a tool for translating a backward chaining version of the Strategic level software (like Prolog) to a 
forward chaining one (like CLIPS), the State Transition Diagram With Path Priority (STDWP) was 
introduced in this study. Specifically, STDWP allows graphical translation between backward and 
forward chaining versions of the Strategic level. 

This research shows empirically that the translation is always possible and that the two versions hold 
logical and behavioral equivalence. Thus, STDWP bridges two approaches in robot control which are 
based on forward and backward chaining. 



14. SUBJECT TERMS 

AND/OR Graph, Autonomous Vehicles, Intelligent Control, Mission Control, Rational 
Behavior Model, Robot Control, Rule Based Control, Rule Based Systems, Software 
Architecture, State Diagram, State Transition Diagram. 


15. NUMBER OF PAGES 
100 


16. PRltE CobE 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


10. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 


20. LIMITATION OF ABSTRACT 

UL 


NSN 7540-01-280-5500 




Standard Form 298 (Rev. 2-89) 



1 Vw A VQI QtH OTO.lfi 



ABSTRACT 



The overall software structure of the Naval Postgraduate School Autonomous 
Underwater Vehicle (NPS AUV) is the Rational Behavior Model (RBM), a tri-level, 
multilingual software architecture which is based on three levels of abstraction called the 
Strategic, Tactical, and Execution level. In this study, interests were focussed on the 
implementation of the Strategic level in CLIPS such that it exhibits the same behavior as 
the already existing implemenation written in Prolog. 

As a tool for translating a backward chaining version of the Strategic level software 
(like Prolog) to a forward chaining one (like CLIPS), the State Transition Diagram With 
Path Priority (STDWP) was introduced in this study. Specifically, STDWP allows 
graphical translation between backward and forward chaining versions of the Strategic 
level. 

This research shows empirically that the translation is always possible and that the two 
versions hold logical and behavioral equivalence. Thus, STDWP bridges two approaches 
in robot control which are based on forward and backward chaining. 



/ 

/ ' . . 

TABLE OF CONTENTS 

I. INTRODUCTION 1 

A. BACKGROUND 1 

B. OBJECTIVES 2 

C. SCOPE 2 

D. ORGANIZATION 2 

II. STATE TABLES AND STATE DIAGRAMS IN GENERAL 4 

A. OVERVIEW 4 

B. STATE TABLES 5 

C. STATE DIAGRAMS 6 

in. THE STATE TRANSITION DIAGRAM WITH PATH PRIORITY (STDWP) 8 

A. INTRODUCTION 8 

B. DEFINITIONS AND EXAMPLES 8 

C. SIGNIFICANCE AND APPLICABILITY 14 

IV. APPLICATIONS OF THE STDWP 1 6 

A. INTRODUCTION 16 

B. BASIC STRUCTURES 16 

1. AND-Relationship 16 

2. OR-Relationship 19 

C. A MORE COMPLICATED PROBLEM 23 

1. Implementation 23 

2. Testing 25 

3. Assessment of the Behavior 27 

D. A PROBLEM WITH “OR-OR-RELATIONSHIPS” 28 

1. Introduction of the Problem 28 

2. Implementation 30 

3. Testing the Behavior 31 

E. THE STRATEGIC LEVEL OF THE RATIONAL BEHAVIOR MODEL... 34 

1. Introduction of the Rational Behavior Model 34 

2. The Implementation of the Strategic Level 36 

V. SUMMARY AND CONCLUSIONS 38 



IV 



DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 

APPENDIX A. CLIPS IMPLEMENTATION OF THE EXAMPLE 

IN SECTION IV.C 41 

APPENDIX B. CLIPS IMPLEMENTATION OF THE EXAMPLE 

IN SECTION IV. D 49 

APPENDIX C. PROLOG IMPLEMENTATION OF THE RBM’S 

STRATEGIC LEVEL 57 



APPENDIX D. AND/OR GOAL TREE OF THE STRATEGIC LEVEL 59 

APPENDIX E. STDWP OF THE STRATEGIC LEVEL 60 

APPENDIX F. CLIPS IMPLEMENTATION OF THE STRATEGIC LEVEL 62 



LIST OF REFERENCES 



90 



INITIAL DISTRIBUTION LIST 



92 



A person with one watch knows what time it is; 



a person with two watches is never sure. 



anon. 



I. INTRODUCTION 



A. BACKGROUND 

The link between intelligent behavior and mission planning and control of 
autonomous vehicles is one of the major issues in research efforts of artificial intelligence 
and robotics. It is apparent that the creation and incorporation of “intelligence” for truly 
autonomous vehicles that are able to conduct a mission fully independently requires serious 
considerations about the software architecture. One solution is the Rational Behavior 
Model (RBM), a multi-paradigm, tri-level architecture for the control of autonomous 
vehicles [Ref. 1]. The attribute “tri-level” is based on the three levels of abstraction, namely 
the strategic (top), tactical (middle), and execution (bottom) level. “Multi-paradigm”, on 
the other hand, describes the utilization of different programming languages in order to 
exploit their strengths and to avoid their weaknesses wherever it is appropriate. 

The RBM architecture has been implemented for the Naval Postgraduate School 
Autonomous Underwater Vehicle Model D (NPS AUV II) and has been successfully run in 
simulation using one workstation for each level and being connected via ethemet. 

Initially, the three levels of RBM have been implemented in Prolog (strategic level), 
Classic-Ada (tactical level), and C (execution level). The hardware onboard the NPS AUV 
currently consists of two Gespac computers with an 80386/MS-DOS and a 68030/OS-9 
processor. Unfortunately, there does not exist a PC-version for Prolog that provides an 
appropriate interface to Classic-Ada. The study presented here provides one solution for 
this problem. This is, as a major part of this study, the translation from Prolog to CLIPS has 
been accomplished for the strategic level. The translated CLIPS implementation of the 
strategic level now works with a tactical level which has been completed in Ada in another 
study [Ref. 2]. 
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B. OBJECTIVES 



In this thesis, interests were focused on the implementation of the strategic level by 
rule-based programming languages and on the investigation of a translation between two 
programming languages whose production systems are based on backward and forward 
chaining, respectively, will exhibit the same behavior on mission control and execution of 
robust vehicles, such as the NPS AUV II. In other words, is it possible to achieve both 
logical and behavioral equivalence of two different chaining implementations for the 
strategic level? 

C. SCOPE 

This study was specifically focussed on three major tasks: 

(1) Discussing the graphical representations of rule based programming languages; in 
particular, AND/OR goal trees for a language with a backward chaining inference engine 
and State Transition Diagrams With Path Priority (STDWP) for a language with a forward 
chaining inference engine. The main emphasis is put on the discussion of STDWP since it 
was introduced newly in [Ref. 3]. 

(2) Applying both graphical representations as tools for the implementation in the 
corresponding programming language. 

(3) Investigating the logical and behavioral equivalence of the example programs and 
the CLIPS implementation for the RBM’s strategic level for the NPS AUV. 

D. ORGANIZATION 

This study contains two major parts: 

The first part covering Chapters II and III, discusses state diagrams and state tables in 
general and the background of STDWP’s. The STDWP is introduced and presented as a 
tool for graphical representation of a forward chaining rule-based system. Its terminology 
and definitions are explained as well in this context. 

The second part covering Chapter IV, applies the STDWP as a means of translating 
backward and forward chaining implementations from basic to more complicated 
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examples. Finally, the translation of the RBM’s strategic level for the NPS AUV from a 
backward to a forward chaining implementation is presented. 

The summary and conclusions are made in Chapter V, where also an outlook on the 
STDWP’s general applicability is ventured and where challenges on future research are 
discussed. 
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II. STATE TABLES AND STATE DIAGRAMS IN GENERAL 



State tables and state diagrams have been mostly used in switching theory and for logic 
design to represent sequential systems, such as logic circuits. Therefore, a brief overview 
of logic circuits and of available tools for designing such circuits are presented in the 
following sections. State tables and state diagrams will be discussed in particular since they 
constitute the background for “State Transition Diagrams with Path Priority” as will be 
shown in Chapter III. 

A. OVERVIEW 

Logic circuits are basically classified into two groups, namely combinational and 
sequential circuits. [Ref. 2] [Ref. 3] 

A combinatorial circuit is defined as a circuit whose output at any time is a function 
of its input signals without regard to previous inputs; i.e., a domestic lighting circuit 
controlled by an ordinary tumbler switch turns the light “on” if the switch is up, it turns it 

“off’ if the switch is down.^ 

A sequential circuit is defined as a circuit whose output at any given time is determined 
by the order in which the input signals are applied; i.e., a lighting circuit controlled by a 
cord-pull. The effect of pulling the cord depends on the state the circuit is currently in; if 
the light is “on” then pulling the cord will turn it “off’, if the light is “off’, the light will be 
turned “on”. 

Sequential circuits are further classified into 

(1) event-driven, 

(2) clock-driven, and 

(3) pulse-driven circuits. 



1. Combinational circuits are not further discussed in this study. 
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